The structures of Ni clusters formed on a highly-stepped TiO 2 (110) surface were studied by polarization-dependent total reflection fluorescence X-ray absorption fine structure analysis. When 0.8 monolayers of Ni were deposited, three-dimensional Ni clusters with 1-2 nm diameters and heights less than 1 nm were formed. Conversely, when 0.07 monolayers of Ni were deposited, an anisotropic Ni trimer with a Ni-Ni distance of 0.260 nm was created at the [001] step. We revealed that the surface modification to enhance the metal-anion interaction can control the deposited metal structure.
Introduction
Small transition metal clusters are used in many applications such as catalysts, sensors, fuel cells, magnetic devices, and optical devices, as well as in medicine [1] [2] [3] [4] [5] [6] . The properties of the clusters largely depend on their size and shape. It is becoming possible to control these parameters precisely on an atomic scale using ligands, protecting polymers, structure directing agents and oxide surfaces [6] [7] [8] [9] [10] . Coordinately unsaturated metastable clusters are stabilized by metal oxide surfaces and are used as supported metal catalysts [11] . Attachment of organometallic complexes provides well-defined and unsaturated metal monomers, dimers, trimers, and clusters [12, 13] . Although the structures of such small transition metal clusters have been characterized by many spectroscopic techniques, their three-dimensional molecular structures are not easily determined because the oxide supports are usually in powder form. In this respect, studies using the metal species on single crystal oxides or single crystal oxide films are necessary [14] [15] [16] [17] [18] [19] [20] .
When the polarization-dependent total reflection fluorescence X-ray absorption fine structure (PTRF-XAFS) technique is applied to a single crystal oxide, three-dimensional structural information can be obtained using the polarization dependence of the XAFS amplitude [21, 22] . For example, Mo species were deposited on the TiO 2 (110) surface，which has an anisotropic structure [23] , under various conditions and studied using PTRF-XAFS [22, [24] [25] [26] [27] . Mo monomers, dimers, and chains were produced on this surface through the interaction with surface oxygen atoms. Late transition metals, on the other hand, experience weaker interaction with the supports. We have applied the PTRF-XAFS technique to Ni and Cu species deposited on oxide single crystals such as Al 2 O 3 (0001) and TiO 2 (110) [28] [29] [30] [31] [32] [33] . Accordingly, we showed for Ni that, depending on the deposition amount, either monoatomically dispersed Ni species attached to the steps at 0.02 ML or two-dimensional, well-defined Ni clusters were formed on the terrace of the TiO 2 (110) with Ni fcc(110) parallel to the surface at 0.2 ML. We concluded that the Ni-O bonding was important to obtain metal monomers and two-dimensional metal clusters [28] [29] [30] [31] [32] . However, Zhou et al. observed three-dimensional metal nanoparticle growth on the step edge [33] . In our previous paper, we assumed that the different growth mode might be due to the different step density [32] . Surface defects such as steps and oxygen vacancies on oxide surface may play an important role in determining the structure of surface metal species [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] .
In the present work, PTRF-XAFS was performed to ascertain the structure of Ni species on a highly-stepped TiO 2 (110) surface, which had a higher step density than that of our previous study [32] , to identify the effect of step size on the structure of Ni. We discuss the metal-support interaction as well as the way to control the metal structures on the oxide surface.
Experimental

Materials and Sample Preparation
An optically polished rutile TiO 2 (110) single crystal (20 mm × 20 mm × 1 mm; Earth Jewelry Co., Kobe, Japan) was heated at 1273 K for 1 h in air to remove carbon contaminates. The sample was further treated using several cycles of Ar + sputtering (2 kV, 2.8 μA) and annealing at 900 K for 10 min in a ultrahigh vacuum (UHV) system (base pressure was 1 × 10 -8 Pa) [21] . Consequently, we obtained a clean and well-ordered TiO 2 (110) surface. The sample was subsequently sputtered again 3 with Ar + (2 kV, 2.8 μA) for 10 min and the surface was then annealed at 873 K. This procedure resulted in a diffuse (1 × 1) LEED pattern ( Figure S1 in the supplementary material) and highly stepped surface ( Figure S2 ). No C1s was detected in the XPS as shown in Figure S3 . As shown in Figure 2 , a shoulder structure was found in the Ti 2p 3/2 peak at 456.5 eV indicating the presence of Ti 3+ and oxygen defects [23] . Ni was then evaporated by resistive heating from a tungsten filament wrapped with a Ni wire. 
PTRF-XAFS Measurements
The PTRF-XAFS measurements were carried out at BL9A of Photon Factory in the Institute of Material Structure Science (KEK-IMMS-PF, Tsukuba, Japan), under operating conditions of 2.5
GeV and 400 mA. The X-rays were monochromatized using a Si(111) double-crystal monochromator. Because glancing incidence angle was used, the beam size of the X-ray on the sample was regulated using a 0.4-mm pinhole before the I 0 ionization chamber to reduce undesirable irradiation of areas other than the sample surface. The fluorescence X-rays were detected with a 19-element, pure Ge solid-state detector (GL0110S; Canberra, Meriden, Connecticut, USA). The measurement chamber was equipped with a six-axis goniometer to adjust the total reflection conditions and sample orientation against the electric vector of the incident X-ray. PTRF-XAFS measurements were carried out in three different orientations against the electric vector of the incident X-rays, i. 
Extended x-ray absorption fine structure(EXAFS) Analysis
The EXAFS analyses were carried out using a REX 2000 software. Preliminary analysis was carried out by the curve fitting method using the following equation:
where k, χ obs (k), N eff, j , S, r j , σ j , F j (k), and  j (k) are the wavenumber, observed XAFS oscillation, effective coordination number of j-th shell, reduction factor, bond distance, Debye-Waller factor, backscattering amplitude functions, and phase shift of the j-th shell, respectively. Note that N eff, j has a polarization dependence that is expressed as
where θ ij is an angle between the polarization direction of the electric vector and the bond direction of the i-th bond in the j-th shell.
The extracted EXAFS oscillations were simulated based on a real space structural model using the FEFF (v8.40) software package [46] . Multiple scattering was included up to triple one. The goodness of the fit was evaluated using the following equation:
where N data is the number of data points, χ cal (k) is the calculated EXAFS oscillation, and ε(k) is the error. We used the standard deviation of each measurement point as the error. If the R value of a model structure was less than 1, the EXAFS oscillation could be reproduced by the structure in real space within the experimental error range. Figure 3 shows the XANES spectra of Ni species on the highly-stepped TiO 2 (110) surface. The edge positions of the XANES spectra for the 0.8 ML sample were the same as those of Ni foil, as shown in Figure 3b -d. However, the spectral features above the edge were less clear, indicating that the metallic cluster was formed but the size of cluster was small [47] . The polarization dependence was not as large as that found for the flatter TiO 2 (110) surface, indicating the presence of the more isotropic Ni metallic species. On the contrary, the 0.07 ML Ni species showed different features.
Results and Discussion
X-ray Absorption Near Edge Structure (XANES) Spectra of Ni Species on the highly-stepped TiO 2 (110) Surfaces
Although the edge positions of the 0.07 ML samples were almost the same as those of the Ni foil and 0.8 ML samples, the Ni first edge peaks appearing at 8348 eV were stronger and sharper than those of the 0.8 ML samples, indicating the presence of more oxidized Ni species. In addition, the edge peak height of the 0. [29, 31] . We have demonstrated that Ni monomer species attached onto the step at very low coverage (ca. 0.02 ML) [31] . It should be mentioned that Chen and Tanner [33, 50, 51] also reported the selective nucleation of Ni and Cu clusters at the step sites of the TiO 2 (110).
We were able to reproduce the data shown in Figure 5 Table S2 . The linear Ni 3 compounds have distances ranging from 0.236 to 0.283 nm depending on the structure and valence states; the linear structure can be achieved through ligand stabilization. The Ni trimer at the step site of TiO 2 (110) was just in this range and was stabilized by the interaction with the step edge. The trimer was the nucleus for further cluster growth at the step, as was observed by STM in previous studies [33, 50, 51] . We are performing the DFT calculation to confirm the Ni trimer structure at the step.
One drawback of the adsorption structure of Ni proposed here is the origin of the oxygen atoms (O u 4 in Figure 6 ) along the [001] step which fixed the Ni trimer species on the surface. The adsorption site corresponds to the oxygen site bound to Ti with a single bond (position 1 in Figure   13 in Ref. [23] ). However, as pointed out by Diebold [23] , these oxygen atoms should be unstable.
We need further experimental and theoretical studies also on this point.
In summary, we deposited Ni on a highly-stepped TiO 2 (110) surface to understand the effect of the step site on the metal growth and the metal structure. PTRF-XAFS investigation indicated that small Ni cluster with a hemispherical shape (1 nm and 0.8nm in lateral and vertical directions, respectively when 0.8 ML were deposited. An anisotropic Ni trimer species was formed at the 
